We investigate the transport properties of superconducting films with periodic arrays of in-plane magnetized micromagnets. Two different magnetic textures are studied: a square array of magnetic bars and a close-packed array of triangular microrings. As confirmed by magnetic force microscopy imaging, the magnetic state of both systems can be adjusted to produce arrays of almost pointlike magnetic dipoles. By carrying out transport measurements with ac drive, we observed experimentally a recently predicted ratchet effect induced by the interaction between superconducting vortices and the magnetic dipoles. Moreover, we find that these magnetic textures produce vortex-antivortex patterns, which have a crucial role in the transport properties of this hybrid system. DOI: 10.1103/PhysRevLett.98.117005 PACS numbers: 74.78.Na, 05.40.ÿa, 74.25.Fy, 85.25.ÿj Nanoengineered arrays of vortex pinning sites have recently spawned numerous novel phenomena and potential applications based on vortex manipulation in superconductors. These structures are very suitable for tailoring the critical current and equilibrium properties [1-3] as well as for manipulating the distribution and direction of motion of flux quanta in superconducting devices [4 -7]. Such a control of vortex motion can be achieved when the periodic pinning potential lacks the inversion symmetry in a given direction, in which case any correlated fluctuating force induces a net vortex motion based on the phenomenon known as ratchet effect [8] .
Nanoengineered arrays of vortex pinning sites have recently spawned numerous novel phenomena and potential applications based on vortex manipulation in superconductors. These structures are very suitable for tailoring the critical current and equilibrium properties [1] [2] [3] as well as for manipulating the distribution and direction of motion of flux quanta in superconducting devices [4 -7] . Such a control of vortex motion can be achieved when the periodic pinning potential lacks the inversion symmetry in a given direction, in which case any correlated fluctuating force induces a net vortex motion based on the phenomenon known as ratchet effect [8] .
As recently proposed by Carneiro [9] , a different way to create vortex ratchets can be realized by using in-plane magnetized dots. Here the spatial inversion symmetry is broken not by the shape of the pinning sites but rather by the vortex-magnetic-dipole interaction. This dipoleinduced ratchet motion depends on the orientation and strength of the local magnetic moments thus allowing one to control the direction of the vortex drift. It is particularly this flexibility to manipulate the vortex motion which makes this kind of pinning potentials attractive for practical applications, although still a clear experimental corroboration is pending. In the present work, we demonstrate in a series of transport experiments that in-plane magnetized dipoles can indeed rectify vortex motion. Moreover, the rectified voltage induced by the ratchet motion depends strongly on temperature and field intensity and is nonzero even at zero field. Our analysis suggests that this behavior results from the interaction between the external field-induced vortices and vortex-antivortex pairs generated by magnetic dipoles.
Our measurements were performed on two samples with different magnetic templates: (i) a 50 nm thick Al film with an on-top square array (period a p 3 m) of Si=Co=Au bars (with thicknesses 5 nm=47 nm=5 nm and lateral dimensions 2:6 0:5 m 2 ), labeled Bar-Al, and (ii) a Ge=Pb=Ge trilayer (20 nm=25 nm=5 nm thick) evaporated on top of a close-packed square array of equilateral triangular Co rings (250 nm wide, 23 nm thick, with lateral size 2 m and apart 250 nm), labeled Tri-Pb. The insulating layer is deposited between the superconducting and the micromagnet arrays (MMA) to avoid proximity effect. The critical temperature, coherence length, penetration depth, and the first matching field (H 1 , the field that generates a vortex distribution of one flux quantum per MMA unit cell) were, respectively, T c 1:325 K, 0 87 nm, 0 130 nm, and H 1 0:23 mT for Bar-Al, and T c 7:22 K, 0 33 nm, 0 35 nm, and H 1 0:465 mT for Tri-Pb.
Prior to the transport measurements, the MMAs were magnetized with a 500 mT in-plane field oriented along thê y direction (Fig. 1 ). Owing to their large aspect ratio, the remnant state of all bars (or triangle sides) is single domain [10] , with the magnetic poles lying very close to the extremities of the bars. This is demonstrated by roomtemperature magnetic force microscopy (MFM) measurements (Fig. 1) . As a consequence, the small separation between neighboring bars works as a dipole with an effective magnetic moment pointing against the magnetization of the bars. In sample Tri-Pb, a considerably weaker dipole can also be observed at one of the vertices of each triangle. It is worth noticing that the large Curie temperature of Co (1400 K) guarantees that the magnetic states of Fig. 1 remain essentially the same at low temperatures. Moreover, due to a coercive field of 40 mT, the small perpendicularly applied magnetic fields (<3 mT) used in our experiments to generate the vortex distributions, are not able to change the magnetic state of the MMAs. Figure 1 (c) presents the pinning potential U MA generated by the MMA of sample Bar-Al, as felt by a singlyquantized vortex, calculated following standard procedure [11, 12] . This potential is antisymmetric (along theŷ direction) with respect to the origin of the coordinate system (midpoint between consecutive bars), thus producing the broken inversion symmetry required for the ratchet effect. Since current applied along x (ÿx) induces a Lorentz force on a vortex along ÿŷ (ŷ), the asymmetry of this potential may be probed by applying an oscillating current in the x axis (in the case of sample Tri-Pb such a current probes, only the dipole-induced asymmetry rather than the broken geometrical symmetry of the triangles). Notice, however, that U MA changes sign when we are dealing with antivortices rather than vortices, i.e., while vortices drift more easily along ŷ, the easy drive for antivortices is ÿŷ, in contrast with the ratchet potentials generated by asymmetric antidots [4 -7] . Because V dc / v d H (with v d the vortex drift velocity), the measured dc voltage V dc is insensitive to the field polarity. Thus, a fingerprint of the dipole-induced ratchet effect is the presence of mirrorlike V dc H regions with respect to H 0.
In order to test whether this situation describes our system properly, we apply a sinusoidal ac current while recording the output dc voltage V dc generated by the flow of vortices. For a symmetric pinning landscape like the one provided by a plain film, one should expect a very low V dc , as indeed observed in our experiment. In contrast to that, for the polarized states a prominent ratchet drift (V dc Þ 0) can be observed as is shown in Figs. 2 and 3 . The temperature-magnetic field (T-H) diagrams of sample Bar-Al ( common feature in Figs. 3(a) and 3(b) ], V dc H is antisymmetric, therefore the signal in this field range is dominated by a fixed (nonmagnetic) ratchet potential as those generated for instance by small asymmetries of the triangles due to shadow evaporation or a slight misalignment of the bridge axis with respect to the square array.
A major advantage of using magnetic structures to manipulate vortices is the tunability of their magnetic state and, consequently, of their flux pinning properties. This constitutes a valuable tool to control the strength and direction of the ratchet effect. This tuneability becomes apparent when using different magnetic states of the MMAs. In Fig. 3 , for instance, it is clear that changing the magnetic state of the triangles of sample Tri-Pb from ÿŷ toŷ induces a sign change in V dc . For sample Bar-Al, we have built a disordered state of the bars where most of them are still in the single domain state while others are either completely demagnetized or with opposite magnetization [ Fig. 2(c) ]. The V dc H curves of both ordered and disordered states exhibit similar features, but the disordered system had a weaker V dc signal as expected [ Fig. 2(b) ]. These results represent a clear and unambiguous evidence that the observed ratchet is genuinely magnetic in origin. The demonstration of vortex ratchets induced by triangular rings is particularly interesting because, whereas the bars cannot be demagnetized in a straightforward way, the triangles could be easily induced into a magnetic vortex state [13] which erases the total magnetic moment in every element, thus providing a reliable way to switch off the ratchet effect. On the other hand, microbar arrays present a simpler magnetic texture, suitable for understanding the magnetic-dipole ratchet mechanism.
Let us now analyze some features observed in sample Bar-Al in more detail. In the T-H diagram of Fig. 2 , one can clearly see at lower matching fields and even at H 0 narrow regions of positive voltage embedded in larger regions of negative voltage. Such a zero-field ratchet effect suggests the existence of vortex-antivortex (v-av) pairs generated by the MMA which interact with the underlying asymmetric potential giving rise to the observed ratchet signal with no applied field.
Under these circumstances, a v-av excitation with vorticity (L v , L av introduces a change in the superfluid ki- [14] . By symmetry considerations one can show that the v-av pair is aligned with the y axis andr av ÿr v (and thus R 2y v ). The total change in the Gibbs free energy caused by the appearance of a pair can thus be expressed in terms of y v only:
where the last term accounts for the interaction with the external field. The index L v , L av in E k and E c is omitted for clarity. VR and r 0 were calculated within Clem's variational approach [15] for the Ginzburg-Landau equations and assuming R 2 =d [16] . Let us assume that at H 0 each magnet stabilizes a (L 0 , L 0 ) pair, thus generating a lattice of neutral v-av pairs. Accordingly, E k R must account for the interaction of a vortex with the whole array of antivortices and vice versa. The zero-field vorticity L 0 and the equilibrium pair position y 0 can be estimated by minimizing
For the parameters of sample Bar-Al, we find L 0 6 at T 0:9T c . Although this is a rough estimate, it is a good indication that the magnetic template of sample Bar-Al indeed generates v-av pairs [17] .
We can now go a step further in this analysis and determine the zero-field ratchet motion. The upper panel of Fig. 4 shows G L v ;L av y v curve at H 0 in a unit cell of the MMA. Shaded areas correspond to v-av annihilation zones, where our model is no longer valid. A positive current, i.e., along x (out-of-the-page) direction, force both vortex and antivortex to approach each other while a negative current tear them away from each other. Notice that the symmetry constraint y av ÿy v is implicit here. Interestingly the resulting energy profile exhibits a steeper slope for motion of vortices to the right (ŷ) and anti- vortices to the left (ÿŷ), and therefore expanding the v-av pair is harder than compressing it. As a consequence, an oscillating current induces more vortex activity during the positive half-cycles, thus resulting in a positive dc voltage, as that observed in the T-H diagram of sample Bar-Al at H 0. However, at a high enough field (H L 0 H 1 ), all antivortices are annihilated. In this case, the v-av attraction term is absent and the vortex energy profile (Fig. 4  lower panel) is determined by the bare vortex-magneticdipole potential, which has gentler slope for vortex motion along ŷ. Thus, in such high fields, an oscillating current induces V dc < 0.
The ratchet motion at H 0 relies on a very symmetric v-av configuration and, in general, it cannot be expected to hold for small incommensurate fields. Indeed, detuning the field from H 0 lead to a negative voltage sign as observed in Fig. 2 . A possible explanation is that at small incommensurate fields the extra vortices or antivortices are loosely attached to the pinning potential and thus are able to move at lower critical forces. In this sense, the extra vortices dominate the dynamics in such a way that the ratchet signal is determined by their mobility in one direction or the other. For instance, at small positive fields, an additional vortex will be attracted by a trapped antivortex on its right side while being repelled by a trapped vortex on its left, thus favoring motion in the ŷ direction. This leads to a negative V dc , in agreement with our experimental observations presented in Fig. 2(a) . However, the detailed dynamics of vortices and antivortices in an array of inplane magnetized dipoles is still an open problem. For instance, while multiple sign inversions in nonmagnetic ratchets is well explained by vortex-vortex repulsion [7] , here v-av attraction is a new ingredient that can play an important role in the sign inversions of Fig. 2(a) . The extreme case occurs at H 0, where v-av attraction is the ultimate factor determining the ratchet drift as demonstrated in Fig. 4 . Clearly, further theoretical analysis using, e.g., the time dependent Ginzburg-Landau equations would be of great importance to elucidate the details of the vortex dynamics in these systems.
In summary, we provided the experimental evidence that a periodic array of in-plane magnetized dipoles induces a new kind of ratchet motion generating a dc voltage that is independent of field polarity. We showed that the magnetic elements of our samples are able to generate vortexantivortex pairs. The presence of these pairs causes a dramatic change in the magnetic ratchet effect not foreseen in earlier work [9] . For instance, at zero magnetic field the dipole-induced vortex-antivortex pairs generate a positive voltage readout in contrast with the expected negative voltage sign for a single vortex interacting with the dipoles. Such vortex-antivortex mixtures in hybrid superconductorferromagnetic systems presented here is an interesting example of the ratchet effect of binary mixtures, where the drift direction is assisted by the interaction between particles of different species [20] . Other examples can be found in different physical systems such as ion mixtures in cell membranes [21] and Abrikosov-Josephson vortex mixtures in cuprate high-T c superconductors [22] .
